ABSTRACT: Although many electrochemical properties of 2D materials depend sensitively on the nanosheet dimensions, there are no systematic, quantitative studies which analyse the effect of nanosheet size and thickness on electrochemical parameters. Here we use size-selected WS2 nanosheets as a model system to determine the effect of nanosheet dimensions in two representative areas -hydrogen evolution electrocatalytic electrodes and electrochemical double layer capacitor electrodes. We chose these applications as they depend on the interaction of ions with the nanosheet edge and basal plane, respectively, and so would be expected to be nanosheet-size-dependent. The data shows the catalytic current density to scale inversely with mean nanosheet length while the volumetric double layer capacitance scales inversely with mean nanosheet thickness. Both of these results are consistent with simple models allowing use to extract intrinsic quantities, namely the turnover frequency and the double layer thickness respectively.
INTRODUCTION
Over the last few years, it has become clear that nanoscience will play an important role in future technology for the generation and storage of energy. 1 Just two examples are the use of silicon nano-particles in lithium ion battery anodes 2 and the incorporation of carbon nanotubes in efficient solar thermophotovoltaic devices. 3 In the last few years, there has been a huge amount of interest in 2-dimensional (2D) nanomaterials for use in a range of applications related to energy generation and storage. 4, 5 There are many types of 2D materials with wellknown examples being graphene, BN, transition metal dichalcogenides (TMDs -MoSe2, WS2
etc), transition metal oxides (TMOs -MnO2, MoO3 etc), layered double hydroxides (Co(OH)2, Ni(OH)2 etc) and a range of others including black phosphorous, silicene and germanane. [6] [7] [8] [9] [10] These materials consist of covalently bonded monolayers which can stack via weak inter-sheet interactions to form layered crystals. 9, 11 In the context of energy applications, 2D
nanomaterials are generally used in the form of nanosheets -tiny platelets with lateral size ranging from 10s of nm to microns and thickness of ~nm. 11 Such nanosheets generally consist of ~1-10 stacked monolayers and are usually prepared by liquid-based exfoliation or synthesis techniques. 9, [12] [13] [14] Such production methods are important, as the availability of nanosheets dispersed in a liquid allows the production of the films and coatings which are required for many energy-related applications.
To date, nanosheets have been used in many such applications, mainly in the electrochemical arena, in areas from photocatalysis 15 to proton transport membranes. 16 A range of 2D materials including graphene and MoS2 have been used in electrochemical energy storage applications, 9, 17 typically as electrodes in batteries [18] [19] [20] and supercapacitors 21, 22 .
Nanosheets have also been used to generate fuel (this can also be considered energy storage)
via the catalysis of gas evolution reactions. For example, TMDs such as MoS2 and WS2 have been widely used as electrocatalysts for the hydrogen evolution reaction (HER) and water splitting. 23, 24 Similarly, a number of LDHs have been used successfully to catalyze the oxygen evolution reaction (OER). 25, 26 Alternatively, graphene and MoS2 find applications to generate solar energy, notably by replacing platinum in catalytic counter electrodes in dye sensitized solar cells (DSSCs). 27, 28 However, one basic factor that has not been comprehensively or quantitatively explored is how the performance of nanosheet-containing electrodes depends on the geometry of the nanosheets within. Nanosheet size is known to strongly affect properties such as 4 amphiphilicity 29 and optical behaviour 30, 31 simply because of the relationships between sheet dimensions and parameters such as the fraction of edge atoms. As such, we expect nanosheet geometry to be a critical factor in all the applications described above. This is due to the specific roles nanosheets play in electrochemical devices which tend to involve either reactions or adsorption of species which preferentially occur at specific sites on the nanosheet. We can crudely divide these into two classes of events: those which occur at the nanosheet edge and those which occur at the basal plane. In either case, the electrode performance can be enhanced by tuning the nanosheet geometry to increase the number of active sites, i.e. either by increasing the total perimeter length or the total accessible surface area within the electrode. Examples of processes where nanosheet edge sites are important include catalysis of the HER 32 and the triiodide reaction in DSSCs 27, 28 while interaction sites on the basal plane are involved for supercapacitor 33 and battery electrodes 19 as well as electrocatalysis involving the metallic 1T
form of WS2. 34, 35 We can examine the use of TMDs to catalyse the HER as an example of a process where edge sites are important. In HER, electrons from the external circuit combine with protons from an electrolyte at a catalytic site resulting in the formation of H2 molecules. size. Very recently, we published a simple theoretical model which predicts that for edge-active nanosheet catalysts, the gas evolution rate should scale inversely with nanosheet length. 44 However, this model has not yet been tested experimentally.
Alternatively, supercapacitor electrodes fabricated from nanosheets are a good example of an electrochemical application which involves interactions which are localised at the basal plane. In a supercapacitor electrode, charge is stored at an electrode/electrolyte interface with the close proximity between charges in the electrode and ions in the electrolyte resulting in large storage capacity. 45 Supercapacitors can be either electric double layer capacitors (EDLC) where the energy is stored electrostatically or pseudocapacitors where the charge storage process involves redox reactions between ions and electrode. 45 However, in both cases, when the electrode consists of a nanosheet network, the charge is predominately stored at the nanosheet basal plane. 33, 46 This means that the capacitance, and so the achievable energy density, can be increased by increasing the total accessible surface area within the electrode. 47 In principle, this can be done by reducing the thickness of the nanosheets. However, to our knowledge, no papers have appeared which explicitly plot capacitance versus nanosheet thickness to quantitatively analyse this behaviour.
Part of the reason why the effect of nanosheet geometry has not been quantitatively characterised for either edge or basal-plane sensitive processes is the difficulty of first controlling nanosheet dimensions and then accurately measuring either nanosheet thickness or lateral size. Without the ability to achieve both these tasks, quantifying the geometrical effects is very difficult. However, recently, advances 31, 48 in the processing and characterising of nanosheets produced by liquid phase exfoliation (LPE) has made both these tasks more straightforward.
LPE is a simple, scalable process which can be used to exfoliate layered crystals by sonication or shearing to give large quantities of nanosheets stabilised in certain liquids. 48 The combination of both these advances will allow us to prepare sets of nanosheet dispersions with a range of accurately known thickness and lengths.
Here we use WS2 nanosheets as a model system to study the dependence of the electrochemical properties of films of nanosheets on nanosheet dimensions. We demonstrate the production of a range of fractions of dispersed WS2 nanosheets with a set of known mean lengths and thicknesses. These have been fabricated into films which have been studied as both electrocatalysts for HER and electrochemical double layer capacitor (EDLC) electrodes. We find the HER exchange current density to scale inversely with nanosheet length, as expected for edge sites, while the volumetric capacitance scales inversely with thickness, as expected for a process involving the basal plane. Analysing this data using simple models allows the extraction of fundamental parameters describing both processes.
RESULTS AND DISCUSSION

Characterisation of size selected nanosheets
To assess the effect of WS2 nanosheet size on the electrochemical properties of nanosheet networks requires sets of nanosheets with controlled lateral size (i.e. nanosheet length, L defined as the longest dimension of the individual nanosheet) and thickness (i.e. number of monolayers per nanosheet, N). We achieve this using liquid cascade centrifugation (LCC), a method which is useful as it allows us to produce sets of samples with varying <L> for HER experiments and varying <N> for EDLC tests. Table S1 . Size-selected dispersions were prepared by re-dispersing the collected sediments in 3 g/L aqueous sodium cholate.
The WS2 dispersion with which we begin was obtained by sonication of WS2 powder in aqueous surfactant solution (see methods) followed by low speed centrifugation (500 rpm) to remove any unexfoliated crystallites. This stock could then be size-selected using LCC.
31
The stock was first centrifuged at a relatively low speed (1500 rpm), thus separating the largest nanosheets into the sediment, leaving all others in the supernatant. These large nanosheets can then be collected in the sediment and redispersed by addition of surfactant solution followed by mild sonication. The supernatant can then be centrifuged again at a slightly higher speed with the largest remaining nanosheets being transferred to the sediment. This procedure can be repeated a number of times with the size of the nanosheets in the sediment steadily falling with 7 each iteration. Because each sediment is "trapped" between two slightly different centrifugation speeds, the samples are labelled according to the speeds. Hence a "1.5-2.5 krpm" sample contains larger nanosheets than a "5-8 krpm" sample. This process is illustrated in figure 1 .
Here, we performed a 7-iteration LCC cascade, collecting 7 dispersions which we expect to contain nanosheets of different mean sizes. The easiest way to confirm this is via UVvis extinction spectroscopy. Recently we showed that the optical extinction spectra of nanosheet dispersions depend sensitively on mean nanosheet size and thickness (extinction is defined via ( ) log ( ) Ext T figure 2A and S1 are extinction spectra for a subset of the WS2 nanosheet dispersions produced by LCC. While the general form of these spectra is as expected for the 2H polytype of WS2, 51 it is immediately clear that both the spectral shape (and so nanosheet length) and the A-exciton position (and so nanosheet thickness) change significantly from sample to sample.
 
To confirm these size variations, we performed statistical transmission electron microscopic (TEM) and atomic force microscopic (AFM) analysis on three of the size-selected nanosheet dispersions ("0.5-1.5 krpm", "2.5-3.5 krpm" and "8-12 krpm"). Shown in figure 2B-C are histograms for nanosheet length measured from TEM images such as those shown in the insets for two of these samples (the equivalent data for "2.5-3.5 krpm" sample is in the SI, figure S2 ). The difference between these samples is stark with large nanosheets (100<L<400 nm) in the "0.5-1.5 krpm" sample but much smaller nanosheets (10<L<60 nm) in the "8-12
krpm" sample. Similar data is shown in figure 2D -E (and SI figure S3 ), but this time representing the nanosheet thickness as measured by AFM. Here, the nanosheets in the "0.5-1.5 krpm" sample are considerably thicker than those in the "8-12 krpm" sample.
We can quantify this by plotting the mean nanosheet length, as measured by TEM (solid symbols) versus the median centrifugation speed used for each sample in figure 2D . Equivalent data for mean nanosheet thickness, as measured by AFM, is plotted in figure 2G (solid symbols). In addition, we used published metrics 31 to extract mean nanosheet length and thickness from the extinction spectra (see SI). These values are also plotted versus the median centrifugation speed in figures 1D and E respectively. We find both nanosheet length and 
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We have used the size-selected dispersions to prepare thin films by vacuum filtration for electrochemical investigation. Such films consist of disordered arrays of nanosheets as shown in figure 3A -B and tend to be porous (typical porosity ~50%). This is important for electrochemical applications as it allows the electrolyte access to the internal structure of the electrode. Indeed recent measurements in our group 44 on MoS2 nanosheet networks applied as hydrogen evolution electrocatalysts showed complete catalyst penetration for electrodes of thickness up to at least 5 µm. Here, the film thicknesses were measured by profilometry (see SI methods) and ranged from 680 nm to 210 nm so we expect to whole internal surface to be exposed to electrolyte.
Dependence of HER catalysis on nanosheet size
We began by studying films of different sized WS2 nanosheets as hydrogen evolution electrocatalysts. In its layered form, 2H-WS2 has been known to be a catalyst for HER since at least 1988. 52 However, recently it has been shown that the efficacy of WS2 increases dramatically once it has either been synthesised in a nanostructured form 53, 54 or when exfoliated into nanosheets. 55 During the hydrogen evolution reaction, electrons from the external circuit combine with protons at catalytic sites at the electrode/electrolyte interface resulting in the formation of H2 gas. It has been known for some time that transition metal dichalcogenides can catalyse this reaction via active sites on the nanosheet edge (for the 2H-polytype). 41 Thus, as smaller nanosheets (lower <L>) have more edges, they would be expected to be more effective catalysts.
10 (see table S3 for fit parameters).
The colour coding in C and D is the same, meaning the legend in D also applies to C.
We characterised the catalytic performance by measuring polarisation curves for electrodes formed from nanosheets with different <L> as shown in figure 3C . This data clearly demonstrates the current density and so the H2 production rate to increase continuously as the nanosheet size falls. The inset in figure 3C shows Tafel plots (for different nanosheet size plotted as η versus Log|J|) which indicate the Tafel slope (measured at currents below 10 mA/cm 2 ) to be relatively invariant with nanosheet size. This suggests the increase in current flow to be due to changes in the number of catalytically active sites. We also measured impedance spectra at zero overpotential for all electrodes as shown in figure 3D . Here, while the changes are more subtle (see below and SI, Figure S4 -S5), the Nyquist plots clearly contain more than one semicircle with the diameter of the largest semicircle changing with <L>. As we will demonstrate below, this indicates that the charge transfer resistance depends on nanosheet size. We can analyse the polarisation data quantitatively by fitting the linear portion of the Tafel plot (i.e., at currents low enough to make mass transport limitations unimportant) to the the cathodic term of the Butler-Volmer equation, 56 known as the Tafel equation, which can be written as:
( 1) where J is the measured current density, J0 is the exchange current density, η is the By fitting the polarization curves, we can also extract the exchange current density, J0, in order to investigate its dependence on nanosheet size. However, care must be taken, as it is known that J0 scales linearly with electrode thickness, t, as thicker electrodes contain more active sites. 44 Thus, we plot J0/t versus <L> in figure 4B (closed symbols) finding a welldefined inverse dependence over almost a decade of both J0/t and <L>.
We can confirm this inverse behavior by fitting the impedance spectra shown in figure   3D to the circuit model outlined in the SI (see table S3 for fit parameters). This gives the charge transfer resistance measured at zero overpotential, 
In this expression n=2 is the number of electrons supplied per H2 molecule formed, R0
is the zero-overpotential turnover frequency (per site), B is the number of catalytic active sites per unit nanosheet edge length, k is the nanosheet length/width aspect ratio, P is the electrode porosity, <L> is the mean nanosheet length, d0 is the monolayer thickness and t is the electrode thickness. Here the product R0B is the number of H2 molecules produced per second per unit edge length (including edges associated with all individual layers stacked in few-layer nanosheets) and can be thought of as a figure of merit for the catalytic activity of a nanosheet. 41 We suggest the discrepancy is either because all of the edge sites are not active in our case, perhaps due to functionalisation or breaking of the disulphide bridges during sonication, or perhaps because the intrinsic value of R0 is smaller for 2H-WS2 compared to 2H-MoS2.
However, one problem with LCC is that it gives fractions where both <L> and <N> vary with iteration such that <L>  <N>. Thus, for the data presented in figure 4B , not only is <L> changing but so is <N>. This is an important point as, while the catalytic sites reside on the nanosheet edge for 2H-TMDs, for the 1T polytype, the HER catalytic sites lie on the basal plane. 34, 35 Thus, it is important to show that the increase in current density with decreasing nanosheet size is due to increases in edge length (i.e. 0 / 1/ J t L  ) rather than increases in accessible surface area (which would mean 0 / 1/ J t N  , see SI). To show this, we have derived an expression, analogous to equation 3, for the exchange current density when the active sites are on the nanosheet basal plane (see SI, equation S11). By analyzing the data in this context, we find a value of R0 which is unrealistically small for WS2. This shows that our data is consistent with the active sites lying on the nanosheet edge -as we would expect for 15 2H-WS2. It is worth noting that equation S11 may be useful in its own right for analyzing HER catalytic data for 1T-TMDs where the catalytic sites are known to lie in the basal plane.
In practical terms, we can also characterise the performance of a hydrogen evolution electrocatalytic electrode via the H2 production rate, as represented by the current density at a given potential. Shown in figure 4C is the current density at a potential of 275 mV vs RHE, J275mV, plotted versus <L>. This parameter falls inversely with <L> as would be expected from equations 1 and 3 (given that b is roughly constant). This means that a 10-fold reduction in nanosheet size results in a 10-fold current increase, highlighting the importance of size minimisation for catalytic applications. Of greater practical importance is the overpotential required to achieve a given current density. Commercial electrolyzers generally operate at fixed current density. 63 Because the power consumption of an electrolyzer is related to J, and because the H2 production rate is proportional to J, the overpotential required to generate 10 mA/cm 2 can provide an insight to the energy required to produce each H2 molecule. This makes it very important to reduce the operating overpotential. Shown in figure 4D is the overpotential required to produce a current density of 10 mA/cm 2 , 10mA/cm2. This parameter falls logarithmically with decreasing nanosheet length as would be expected from equations 1 and 3. A 10-fold reduction on <L> results in a ~20% reduction in operating overpotential, a small but non-trivial reduction.
Dependence of double layer capacitance on nanosheet size
Another electrochemical application, where nanosheets are widely used is as electrodes in supercapacitors. In devices, pseudocapacitive nanosheets, such as Ni(OH)2, are generally used. 64 This latter parameter is just the ratio of electrode mass to mean nanosheet mass, giving:
where f and NS are the film and nanosheet densities respectively, A is the geometric film area, and t, d0 and <N> have the same meaning as above. For a non-Faradaic electrical double layer capacitor, the capacitance is given by
, where r is the relative permittivity associated with the double layer region and  is the double layer thickness. 45 Combining these equations and noting that the porosity is defined as ( 
This expression clearly shows that the volumetric capacitance should scale inversely with the mean nanosheet thickness.
To test this, we prepared EDLC electrodes using the same films which were used to produce the HER catalytic electrodes described above. The only difference was that the EDLC electrodes were approximately 20 times larger in area than the catalytic electrodes to reduce noise and error. We characterised these electrodes by cyclic voltammetry (CV) with all electrodes scanned at various scan rates ranging from 5 to 5000 mV/s in a limited potential window (0.1 to 0.3 V vs. RHE) where the CVs are reasonably box-like (see methods). Shown in figure 5A (see methods for details) are representative CV curves (dV/dt=25 mV/s) for electrodes prepared from three different size nanosheets (all data is shown in the SI, Figures   S6 ). These CVs shows that, at fixed scan rate, the current flowing (i.e. stored charge) clearly depends on the nanosheet dimensions. To analyse this data quantitatively, we extracted the average of the magnitude of the cathodic and anodic currents at V=0.2 V vs. RHE (which we refer to as JA/C, see figure 5A ) for each sample at every scan rate. Because we expect the current density to scale with electrode thickness, we plot the current as JA/C/t versus scan rate in figure   5B (all data is shown in figure S7 ). In all cases we find a linear behaviour at low scan rate. At higher scan rates the current begins to saturate due to either limitations associated with diffusions of ions 45, 71 or the resistance of the electrode. 72 This graph shows clearly that electrodes made from smaller nanosheets result in higher currents. The volumetric capacitance, CV, of the electrodes can be found from the equation:
We extracted CV from the linear portion of curves such as those in figure 5B , plotting the resultant data for the volumetric capacitance versus <N> in figure 5C . This value of  is somewhat larger than the expected value of ~1 nm, 45, 47 implying that the measured capacitances are smaller than expected for the measured nanosheet thicknesses.
We note that the nanosheet thicknesses were measured spectroscopically for nanosheets dispersed in liquid. It is entirely possible that some degree of aggregation occurs during film formation, resulting in somewhat increased nanosheet thicknesses, or rather decreased accessible surface area in the film compared to the liquid. Alternatively, the accessible surface area can be reduced when parts of the pore structure are not open enough to allow access to the surface. 73 This could mean that only a (size-independent) fraction of the basal plane surface area is accessible. However, the inverse dependence of CV on <N> observed in figure 5C indicates that the either effect must occur to the same degree for all nanosheet thicknesses.
CONCLUSION
In this work, we have used liquid cascade centrifugation to prepare a set of dispersions of size-selected WS2 nanosheets with a well-defined range of lengths and thicknesses. These have been used to explore the dependence of two well-known electrochemical applications on nanosheet dimensions. By using films of WS2 nanosheets to catalyse the hydrogen evolution reaction, we have shown the exchange current density to vary inversely with nanosheet length.
This is in line with theoretical predictions assuming catalytically active sites to reside on the nanosheet edge. Fitting the theory to the data allows us to extract a minimum value for the turnover frequency and suggests WS2 to be an inferior HER catalyst to MoS2. Likewise, we have used WS2 nanosheet films as electrical double layer capacitor electrodes. We found the volumetric capacitance to scale inversely with the mean nanosheet thickness (as measured in dispersion). Again this is consistent with a model based on the accessible surface area in the interior of the electrode. Fitting the model to the data gives a double layer thickness which is slightly larger than expected suggesting the nanosheets to have aggregated somewhat during film formation.
This work clearly shows the importance of controlling the nanosheet dimensions for applications in electrochemistry. It is likely that size effects, similar to those seen here, will be important for other applications such as battery electrodes or other types of catalysis. We believe methods such as liquid cascade centrifugation will be critical for preparing nanosheets with size which is optimised for a given application.
Methods
Preparation of WS2 dispersion
The WS2 dispersion was prepared by dispersing layered powder (WS2, Sigma Aldrich, amplitude, pulse rate 6 on 2 s off to exfoliate WS2 layered crystals. This gives a polydisperse WS2 stock dispersion containing both un-exfoliated crystallites and exfoliated WS2 nanosheets which will be subjected to size selection as described below.
Size selection
The size selection procedure is adopted from our previously reported liquid cascade centrifugation 31 as is illustrated in figure 1 However, we note that even though we made efforts to keep the deposited mass constant, some variation in film mass is inevitable due to factors such as inaccuracies in the extinction coefficient, leakage of the dispersion during filtration or incomplete transfer. This makes it critical to measure the thickness of all electrodes after deposition. Film thicknesses were measured using a Dektak 6M profilometer from Veeco Instruments.
Step profiles were taken at four different locations to get an average film thickness for each electrode. The resultant thicknesses are shown in table S2. In all cases the electrode porosities were taken as P=0.5. We have found that in most cases, nanosheet networks have porosity close to 50% independent of nanosheet type. 44, 74, 75 Characterization equipment
Optical extinction was measured on Varian Cary 500 in quartz cuvettes with a pathlength of 0.4 cm in 1 nm increments.
SEM images were obtained using a ZEISS Ultra Plus (Carl Zeiss Group), 2 kV accelerating voltage, and a working distance of approximately 1−2 mm. The samples were loaded onto the SEM stub using sticky carbon tape. Bright field transmission electron microscopy imaging was performed using a JEOL 2100, operated at 200 kV on holey carbon grids (400 mesh). Statistical analysis was preformed of the flake dimensions by measuring the longest axis of the nano-sheet and assigning it "length" for > 100 nanosheets. The data is presented as arithmetic mean value of the measured length.
Atomic force microscopy (AFM) was carried out on a Dimension ICON3 scanning probe microscope (Bruker AXS S.A.S.) in tapping mode in air under ambient conditions using aluminum coated silicon cantilevers (OTESP-R3). A drop of the dispersion (20 μL) was deposited on a pre-heated (150 °C) Si/SiO2 wafer (1x1 cm 2 ) with an oxide layer of 300 nm.
The high concentration dispersions collected after LCC were diluted with water (to optical densities at ~400 nm of 0.1-0.2) immediately prior to deposition to reduce surfactant concentrations. After deposition, the wafer was rinsed with ~5 mL of water and ~5 mL of isopropanol. Typical image sizes ranged from 2x2 μm 2 to maximum 6x6 μm 2 for the larger nanosheets at scan rates of 0.8-1.0 Hz with 512 lines per image. The apparent thickness was measured for 100-250 nanosheets per sample and converted to number of layers using previously developed step-height analysis of liquid-exfoliated TMDs. 30, 31 The data is shown as arithmetic mean of the number of layers.
Electrochemical measurements
All the electrochemical measurements were performed with a Gamry Reference 3000 potentiostat in 0.5 M H2SO4 solution using a three-electrode cell, with a Calomel reference electrode (Saturated KCl, E0=240 mV vs. RHE) and platinum spring as counter electrode. All the measurements were carried out in oxygen-free sealed cell under purging pure nitrogen on top of the electrolyte. 
